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Abstract
We use density functional theory to investigate the impact that strong electric fields
have on the the structure and energetics of small lithium ion-water clusters, Li+ ·
nH2O, with n=4, 6. We find that electric field strengths of ∼ 0.5 V/Å are sufficient
to break the symmetry of the n = 4 tetrahedral energy minimum structure, which
undergoes a transformation into an asymmetric planar cluster, consisting of three water
molecules bound to lithium and one additional molecule in the second solvation shell.
Interestingly, this cluster remains the global minimum configuration at field strengths
& 0.15 V/Å. The 6-coordinated cluster, Li+ · 6H2O, features a similar transition to 5-
and 4-coordinated clusters at field strengths ∼ 0.2 V/Å and ∼ 0.3 V/Å respectively,
with the tetra-coordinated structure being the global minimum even in the absence of
the field. Our findings are relevant to understanding the behaviour of the Li+ ion in
aqueous environments under strong electric fields and in interfacial regions where field
gradients are significant.
1 Introduction
Understanding the influence of electric fields on small ion clusters is of great interest for
elucidating the molecular mechanisms behind a wide range of electrochemical processes.
Electrospray ionization (ESI)1–3 has been much studied via experiments and computer sim-
ulation in recent years.4–8 The behaviour of hydrated ions under intense electric fields is also
important in electroporation of biological membranes9–11 as well as in “bridging“ transitions
at interfaces separating media with different dielectric permittivities12 which are relevant
to electrospinning processes.13 Electrospinning is becoming increasingly important, given its
applicability in nanofiber manufacturing, drug delivery and tissue engineering.14 In the case
of aqueous solutions, electric fields induce the ejection of water filaments containing ions.
A good quantitative understanding of the ion solvation structure and energetics in these
interfacial aqueous environments, which can differ significantly from the bulk equilibrium
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phase, is esential to improve the description of the molecular pathways leading to electropo-
ration and “bridging” transitions. Such knowledge can also be of interest for assessing the
importance of strong interfacial fields in biological processes, such as those occurring at the
active site of enzymes.15 More generally, the investigation of ions in low water coordination
environments is relevant for understanding cluster formation in the ionosphere.16
Electric fields are also important at aqueous interfaces, the water/air interface being the
most notable example.17 It is well established that the reorientation of the water molecules
at the interface results in local interfacial fields of considerable strength. The potential
drop across the water interface predicted by simulations of classical force-fields and density
functional approaches are in the range −0.1 to −0.6 V18 and −1 V19 respectively, although
the true potential is, very likely, much stronger. The interfacial potential predicted by
classical simulations can be, locally, much stronger, reaching values of ∼ −2 V, as reported
in recent computations using methods that remove the smoothing effect of the interfacial
capillary waves.20 The modification of the interfacial potential upon addition of salt has been
considered too, showing a significant dependence with salt concentration.21
Electrospray and electroporation processes involve aqueous interfaces, making it neces-
sary to understand the behaviour of the interfacial ions. Recent works have shown that small
ions, particularly Li+, feature a distinctive interfacial behavior. Computer simulations using
classical models indicate that Li+ · 4H2O clusters are very stable and that they can weakly
adsorb to the water surface.20 This behaviour can be modified significantly by altering the
forcefield parameters, and small changes in the ion effective diameter can induce large mod-
ifications in the interfacial structure. These observations are important for understanding
the interfacial free energy of aqueous interfaces,22,23 and the ion density enhancement at
interfaces that can be inferred from simulations24–29 and experiments.30–32 Ion enrichment
at the interface is consistent with the surprising amount of bromide chemistry occurring in
sea salt aerosols, despite the relatively low concentration of bromide in sea water.33 These
studies show that the simple picture of an aqueous interface depleted of ions is incomplete.
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Instead, the current consensus is that among the simple monoatomic halogens, larger anions
like Br− and I− have a tendency to populate the interface, although the net adsorption re-
mains negative. In ion-water clusters, even the smaller chloride anion prefers to lie closer to
the surface.34–36
These studies illustrate the complexity of the aqueous solution interface, and by extension
of the electroporation and electrospray ionization processes discussed above. With regards
to Li+, which is the focus of our study, it is highly surprising that such small ion can feature
weak adsorption at the interface, unless the ion’s hydration water plays a role in driving this
effect.20,37–39 Explicit polarizability may be important for understanding this, but in this case
it is the polarization of the solvent molecules at short separations from the small Li+ ion that
is crucial.40,41 The sensitivity of the Li+-water solvation structure can also be inferred from
the analysis of extensive experimental studies, which have raised questions about the relative
stability of water around Li+.39,42–44 In particular, it is still unclear whether the Li+-water
coordination number is closer to 4 or 6 at moderate concentrations, ∼ 1 M.37,39,41,44–49
A good understanding of the Li+-water structure and energetics is essential to advanc-
ing the description of the non-equilibrium response of lithium-water clusters and interfacial
lithium ions under electrostatic fields. We undertake this investigation in the present work,
as a step towards explaining the peculiar interfacial behavior of this ion, and to providing
microscopic information to aid understanding the microscopic pathways determining elec-
troporation and electrospray ionization processes. Our paper is structured as follows. We
start by describing the density functional theory and ab initio methods as well as the basis
sets employed. A validation of the level of theory and basis sets follows. We pursue accurate
density functional theory (DFT) and ab initio calculations of the equilibrium structures and
energetics of Li+ with either four or six associated water molecules, including the effects of
basis set superposition error (BSSE) to ensure the accuracy of our computations. We then
discuss our results for Li+-water clusters at equilibrium and under the influence of strong
fields, paying special attention to the cluster structure and the Li+ ion coordination number.
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A final section with our conclusions and final remarks closes the paper.
2 Computational details
For the basis sets we use the correlation consistent basis sets of Dunning et al.,50 cc-pVXZ
and aug-cc-pVXZ. By systematically increasing the basis set as X=D, T, Q and 5 we ver-
ify at what point we obtain converged energies with respect to the one-electron basis, and
an empirical extrapolation method is used to extend these results to the basis set limit.51
To include electron correlation we compare the coupled-cluster with singles and doubles
excitations (CCSD)52,53 ab initio methodology with two different density functional theory
approaches, PBE54 and SSB-D,55,56 the latter of which is an extension of PBE which in-
corporates Grimme’s dispersion correction in the functional.57,58 The SSB-D functional is
thus included to investigate the contribution of dispersion interactions, which are expected
to be unimportant for Li+-water interactions but may be significant for water-water interac-
tions in the Li+-water clusters, and under electric fields. In one of the geometries optimized
by the CCSD method, we also carried out a calculation which includes triplet excitations
perturbatively (CCSD(T)).59
BSSE was corrected for using the counterpoise correction method,60 where energies of
each component of the non-covalently bonded system are computed using the full set of basis
functions of the whole system. BSSE has for a long time been recognized as a problematic
issue in quantum chemical calculations of weak interactions, such as for example hydrogen
bonding in the water dimer.61–64 One cannot do geometry optimizations that correct for
BSSE, therefore the geometries are optimized without the BSSE correction, and the BSSE
correction to the energy is included in subsequent single-point calculations.
An electric field can be applied to the systems in a simple manner by placing a positive
and negative charge ±q equidistant from the Li+ ion and constraining the position of the ion
to be fixed in subsequent computations. The applied dipolar field strength E at the ion is
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then given by E = 2kq/d2 with k = 8.988×109 Nm2/C2, and this is the quantity we will refer
to as the field strength E in the remainder of the paper. Placing the charges at a distance
d = ±20 Å from the ion generates an electric field from the negative to the positive ion which
varies less than 20% within 5 Å of the ion. Charge magnitudes from ±0.5e to ±15e lead to
field strengths in the 0.05 to 1.0 V/Å range. All computations were done with the standard
version of NWCHEM v6.3,65 except for some molecular dynamics (MD) simulations and
energy minimizations which were done with LAMMPS.66 The geometry optimizations were
done with the DRIVER algorithm in NWCHEM and “tight” convergence criteria.
3 Results
3.1 Theory and methodological validation
We validate our choice of basis set and level of theory for the subsequent calculations on
larger clusters by systematically testing a series of basis sets, including the effects of BSSE,
using both the PBE and SSB-D density functionals and also the CCSD method. Our test
systems include monomers of both water and the Li+ ion, water dimers,64 and Li+ bound
to a single water molecule. Extension of the level of theory to the CCSD(T) level as well
as extrapolation to the estimated basis set limit51 led to changes of only ∼ 1 kJ/mol in the
Li+·H2O binding energy. All of these results are shown in Tables 1 and 2.
Our results show that the CCSD calculations are quite sensitive to BSSE, even with very
large basis sets, whereas the PBE and SSB-D methods show negligible BSSE provided the
basis sets are sufficiently large. We also note a surprisingly large effect of the basis set size
on the lithium ion in particular, where using the cc-pV5Z basis set was necessary to obtain
well converged results. This led us to consider mixed basis sets, where the O and H atoms
are modelled with somewhat smaller basis sets. Our ultimate choices for methods and basis
sets to use in the calculations on larger Li+ -water clusters are therefore the PBE and SSB-D
density functional methods, with the cc-pV5Z basis set on Li+ and the aug-cc-pVTZ basis set
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on O and H atoms. The dispersion correction is around -0.6 kJ/mol for both Li+·H2O and
the water dimer. Relative to the total interaction energy of the complexes, the dispersion
correction is much more important for the water dimer than for the Li+-water complex, as
expected.
We have also obtained the zero point vibrational energy (ZPVE) by computing the har-
monic vibrational frequencies of the complexes and a single water molecule. The magnitude
of the correction is significant in both complexes, being ∼ 28% of the total interaction energy
in the case of the water dimer and ∼ 5.5% in the case of Li+·H2O.
3.2 Li+ · 4H2O
S4
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Figure 1: Snapshots of optimized geometries of the Li+ · 4H2O cluster with the SSB-D
functional and the cc-pV5Z basis set for Li+ and the aug-cc-pVTZ basis set for water.
From Left to Right: 1) zero field, S4 configuration. 2) field strength E = 0.58 V/Å. 3)
reoptimization after removal of field. Labels match the molecule numbers in Table 4.
Our results indicate that the global minimum for a cluster of four water molecules with
Li+ has an S4 symmetry. This result is consistent with earlier quantum chemical compu-
tations,37,70,71 but it does not fully agree with neutron scattering data,46 nor with some
classical MD results.47 The water molecules arrange themselves in a configuration where the
molecular dipoles point approximately along the Li+-O vectors. When an electric field is
applied, however, this symmetry is no longer maintained. We show in Figure 1 snapshots of
the optimized configurations of the Li+ · 4H2O cluster as the electric field is varied, and in
Figure 2 we plot the minimum energy obtained after geometry optimization as a function of
the electric field magnitude at the Li+ ion. The exact results vary somewhat according to
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Table 1: Interaction potential energies U between H2O molecules in the dimer
and between Li+ and one H2O molecule in units of kJ/mol. “BSSE” designates
computations where the basis set superposition error has been corrected for as
described in the text. The “mixed” basis sets denote computations using the
cc-pV5Z basis set for Li+ and the aug-cc-pVXZ (X=D,T,Q) basis set for H2O.
Theory Basis set ∆U(Li+·H2O) ∆U(Li+·H2O) ∆U(2H2O) ∆U(2H2O)
BSSE BSSE
PBE cc-pVDZ -183.92 -158.47 -38.68 -19.30
cc-pVTZ -159.76 -146.95 -28.67 -20.78
cc-pVQZ -153.62 -146.82 -25.29 -21.08
cc-pV5Z -147.45 -145.97 -22.49 -21.38
aug-cc-pVDZ -140.17 -139.27 -22.07 -21.39
aug-cc-pVTZ -144.59 -143.93 -21.32 -21.38
aug-cc-pVQZ -146.49 -145.45 -21.38 -21.50
mixed, X=D -150.04 -144.92
mixed, X=T -145.81 -145.58
mixed, X=Q -145.57 -145.56
SSB-D cc-pVDZ -180.17 -157.59 -38.76 -17.39
cc-pVTZ -161.30 -148.16 -30.15 -21.17
cc-pVQZ -154.68 -147.43 -26.02 -21.60
cc-pV5Z -147.57 -146.42 -22.94 -21.85
aug-cc-pVDZ -142.46 -139.86 -22.63 -21.67
aug-cc-pVTZ -145.97 -144.87 -21.82(-15.72a) -21.76
aug-cc-pVQZ -148.17 -146.04 -22.16 -22.13
mixed, X=D -150.78 -145.36
mixed, X=T -146.29(-138.24a) -146.05
mixed, X=Q -146.27 -146.13
CCSD cc-pVDZ -172.91 -152.00 -29.03 -14.73
cc-pVTZ -156.66 -142.83 -24.30 -17.67
cc-pVQZ -154.04 -145.18 -21.64 -18.91
cc-pV5Z -153.19 -20.56
Q5 fitb -154.33 -20.46
aug-cc-pVDZ -150.03 -137.16 -21.27 -17.86
aug-cc-pVTZ -150.77 -141.68 -22.64 -19.18
aug-cc-pVQZ -155.59 -144.75 -20.70 -19.73
mixed, X=D -163.82 -142.71
mixed, X=T -154.92 (-153.87c) -144.44
mixed, X=Q -154.08 -145.54
Experiment -142.3d -22.6e
a ZPVE subtracted.
b Extrapolation to the basis set limit from results with cc-pVQZ and cc-pV5Z basis sets.51
c CCSD(T) result.
d Ref. 67
e Refs. 68,69
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Table 2: Selected geometric quantities from test system calculations. All dis-
tances are in Ångstroms, all angles are in degrees. The “mixed” basis sets des-
ignate computations using the cc-pV5Z basis set for Li+ and the aug-cc-pVXZ
(X=D,T,Q) basis set for H2O.
Theory Basis set H2O Li+·H2O 2H2O
dOH ∠HOH dLi−O dOH ∠HOH dO···O ∠O···HO
PBE cc-pVDZ 0.977 101.67 1.851 0.980 104.45 1.890 166.62
cc-pVTZ 0.970 103.53 1.840 0.973 105.30 1.920 169.34
cc-pVQZ 0.969 103.93 1.830 0.973 105.24 1.921 170.47
cc-pV5Z 0.969 104.16 1.830 0.973 105.23 1.925 171.93
aug-cc-pVDZ 0.973 103.80 1.856 0.976 104.80 1.915 170.89
aug-cc-pVTZ 0.970 104.16 1.838 0.974 105.21 1.922 170.83
aug-cc-pVQZ 0.969 104.18 1.832 0.973 105.23 1.925 170.97
mixed, X=D 1.826 0.976 104.84
mixed, X=T 1.830 0.974 105.22
mixed, X=Q 1.833 0.973 105.29
SSB-D cc-pVDZ 0.962 101.15 1.845 0.964 104.15 2.079 125.89
cc-pVTZ 0.956 102.76 1.829 0.958 104.95 1.957 162.87
cc-pVQZ 0.955 103.22 1.829 0.957 104.94 1.958 167.63
cc-pV5Z 0.955 103.43 1.829 0.958 104.93 1.961 172.77
aug-cc-pVDZ 0.958 103.05 1.849 0.960 104.52 1.959 167.18
aug-cc-pVTZ 0.956 103.41 1.829 0.959 104.91 1.961 168.38
aug-cc-pVQZ 0.955 103.47 1.824 0.958 104.96 1.965 168.50
mixed, X=D 1.816 0.960 104.58
mixed, X=T 1.824 0.959 104.93
mixed, X=Q 1.825 0.957 109.97
CCSD cc-pVDZ 0.964 102.21 1.867 0.969 104.28 1.969 173.97
cc-pVTZ 0.956 104.04 1.833 0.960 105.39 1.965 175.71
cc-pVQZ 0.955 104.40 1.821 0.958 105.42 1.968 173.59
cc-pV5Z 0.954 104.80 1.820 0.958 105.47 1.971 172.45
aug-cc-pVDZ 0.964 104.15 1.807 0.968 104.47 1.976 172.33
aug-cc-pVTZ 0.956 104.59 1.815 0.960 105.19 1.956 173.46
aug-cc-pVQZ 0.955 104.73 1.802 0.959 105.41 1.963 172.27
mixed, X=D 1.793 0.968 105.18
mixed, X=T 1.804 0.961 105.42
mixed, X=Q 1.810 0.959 105.40
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the relative orientation of the electric field vector with respect to the cluster as well as the
symmetry of the initial configuration. When the field is aligned with the C2v axis of a cluster
which initially has this symmetry, the local minimum with this symmetry is maintained up
to very high field strengths in excess of 0.8 V/Å. However, if the initial cluster configuration
has the global minimum S4 symmetry, or the field is applied in a different direction, at a
critical field strength ∼ 0.5 V/Å there is a breakdown in the coordination of water around
the Li+ ion and one of the waters becomes bound to one of the other water molecules in-
stead, in order to maximize its favourable orientation in alignment with the electric field. It
is not surprising that this should occur at a high field strength, but what is more remarkable
is that this asymmetric configuration with only three coordinated water molecules is actu-
ally the global minimum down to quite low field strengths. If the asymmetric configuration
obtained at the high field strength is used as the starting point, and the optimization is
then converged at lower field strengths, the asymmetric configuration has a lower minimum
energy above ∼ 0.15 V/Å with the SSB-D functional. With the PBE functional, even in
the absence of an applied field the asymmetric configuration is only 0.74 kJ/mol in energy
above the four-coordinated S4 result, and a comparatively weak field of less than 0.1 V/Å is
sufficient to make this state the global minimum. Our results are consistent with previous
investigations in the absence of electric field.37,72 The binding energy per water molecule for
various geometric configurations is tabulated in Table 3. We note that some of the electro-
static fields we employ here are stronger than the field ∼ 0.35 V/Å that caused protons to
dissociate from water molecules in previous DFT based ab initio MD simulations.73 We did
not observe any dissociation events in any of our calculations, likely due to a comparatively
high energy barrier which must be overcome for such an event to be observed.
A field strength of 0.15 V/Å remains quite high, however field strengths of this size are
relatively common in some contexts, e.g. in ion channels in cell membranes,76 in membrane
electroporation9–11 or at the tip of an atomic force microscope.77 In fact, the electric field
at an ordinary air-water interface has been calculated using the SPC/E water model and
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Figure 2: Plots of U −US4 , the difference in binding potential energy between the optimized
geometry at the indicated field strength and the global minimum geometry in zero field in
the S4 symmetry (−312.94236Eh in the PBE calculations with the mixed basis set described
in the text, and −315.52698Eh in the SSB-D case). The legend indicates the symmetry of
the initial configuration before geometry optimization. The C2v and Cs configurations are
distinguished by the direction of the applied electrostatic field.
an intrinsic surface analysis to be on the order of -0.1 V/Å .20 Our results strongly suggest
that the simple picture of the Li+ · 4H2O tetrahedral structure may need to be modified,
particularly under the influence of strong external fields. In particular, we have shown that
the energy landscape is more complex than we expected, and there are other competing, low
coordination structures, that are close in energy to the Li+ · 4H2O cluster.
We have further computed the zero-point vibrational energy (ZPVE) of the S4 symmetric
configuration and the 3-coordinated configuration by computing the harmonic vibrational
frequencies of the complexes and of a single water molecule. The ZPVE from a SSB-D
calculation using the cc-pVQZ basis set on Li+ and the aug-cc-pVTZ basis set on hydrogen
and oxygen atoms is 257.4 kJ/mol, and the ZPVE of one H2O molecule with the aug-cc-
pVTZ basis set is 56.3 kJ/mol. Therefore, we obtain the total ZPVE contribution to the
binding energy of the S4 symmetric Li+ · 4H2O cluster to be 32.4 kJ/mol or 8.1 kJ/mol per
water molecule, or 7.2% of the binding energy −112.5 kJ/mol at the same level of theory and
basis set. For comparison, the ZPVE arising from the intra- and inter-molecular vibrations
in the water dimer (see Table 1) is around 6.1 kJ/mol or 28% of the total interaction energy.
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Table 3: Binding energy ∆Ubind = Uclust − nUH2O − ULi+ (in kJ/mol) per water
molecule in Li+ · nH2O clusters. Nc refers to the water coordination number
of Li+. All results are in zero applied electric field. Results in parentheses
have subtracted the zero point vibrational energy (ZPVE) computed with the
cc-pVQZ basis set on Li+ and the aug-cc-pVTZ basis set on O and H. The MD
result is from energy minimization with classical force fields (SPC/E74 for water,
Dang’s model75 for Li+).
Cluster PBE SSB-D MD Ref. 71 Ref. 72 Ref. 37 Experiment67
Li+ · 3H2O, D3 -121.5 -124.6 -130.6 -118.3 -117.2 -112.3
Li+ · 3H2O, Nc = 2 -112.4 -114.5 -111.7 -107.1
Li+ · 4H2O, S4 -107.8 -112.5(-104.4) -117.2 -116.4 -105.2 -105.0 -101.4
Li+ · 4H2O, Nc = 3 -107.6 -110.4(-101.1) -110.9 -104.0 -102.3
Li+ · 6H2O, C1 -83.5 -91.8 -79.6 -85.7
Li+ · 6H2O, Th -82.3 -90.4
Li+ · 6H2O, Nc = 5 -85.9 -92.1
Li+ · 6H2O, Nc = 4 -90.1 -94.5 -90.2 -84.2
Li+ · 6H2O, Nc = 2 -84.6
If the ZPVE is not considered when describing the energetics and dynamics of e.g. water
exchange in and out of the solvation shell, then we might expect slower residence times
and stronger binding in force-field and DFT-based MD simulations. This could explain the
larger coordination numbers predicted by some of the classical MD simulations of aqueous
Li+.47 One route forward to include ZPVE corrections in MD simulations is by methods like
path-integral MD78 or centroid MD.79 ZPVE corrections may also be implicitly included in
empirical force fields parameterized against experimental data, e.g. binding energies, since
many experimental determinations of binding energies also implicitly include the ZPVE.67–69
To investigate the ability of the classical models to reproduce the DFT results, we per-
formed a series of energy minimizations of Li+ ·4H2O clusters using non-polarizable empirical
models; the SPC/E model74 for water, and Dang’s model75 for Li+. These models led to
a much larger difference in binding energies between the S4 symmetry and the 3 + 1 con-
figuration with one detached water than the DFT calculations. We completed additional
classical MD simulations of the Li+ · 4H2O clusters with one detached water in the NV T
ensemble at T = 300 K to estimate the relative stability of this configuration. We note that
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the concept of a constant temperature is inherently problematic with such a small number
of particles, as the temperature features very large fluctuations. In practice the temperature
varied by ±100 K over the course of the simulations. The time at which the configuration
transitioned to the S4 symmetry varied greatly, being as low as 3 ps and as high as 92 ps
over the course of ten trial runs, showing the process is stochastic, as may be expected for
an activated transition. Overall, the average transition time was 47 ± 34 ps, demonstrating
that the 3+1 configuration with reduced symmetry can remain stable for significant time
periods, and that the transformation from one structure to the other is an activated process.
We recall that our computations were performed using non-polarizable models. The similar
behavior observed in our classical MD simulations and the DFT computations indicates that
polarization effects do not greatly influence the relative stability of the cluster. Hence this
offers the prospect of investigating the energetics and structure of these small clusters with
widely accepted non-polarizable forcefields, which do not incorporate explicitly electronic
degrees of freedom. This question, particularly the charge distribution in the Li+ cluster, is
discussed in more detail in the following section.
3.3 ESP fitting of partial charges
In order to assess the ability of classical models to reproduce our DFT results, we have
computed the electrostatic potential (ESP) surface and found the set of partial charges on
the atomic sites that can best fit the electrostatic potential in the cluster. All of these fits
were done on the Li+ · 4H2O clusters using the default parameters in the NWCHEM ESP
routine.80 We did these fits using two different sets of constraints, one where only the Li+
charge was set to be 1.0, and another where in addition all O and all H charges were each
constrained to be equal, as they would be in a typical classical force field. All of these results
are shown in Table 4.
The largest deviations between the ESP resulting from the partial charge fittings and the
DFT results are for the 3 + 1 configuration in the absence of external field. It is remarkable
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Table 4: Results of fitting partial charges to the electrostatic potential (ESP)
at geometries optimized starting from either the S4 or the asymmetric 3 + 1
configurations in the absence of field, followed by the application of the external
electric field (cf. Figure 1). Molecules are labelled as shown in Figure 1. The
fourth water molecule is the detached water in the 3+1 configurations. “RMSD”
denotes the root mean squared deviation between the fitted ESP and the DFT
results across all grid points in kJ/mol. All data were obtained using SSB-D
functionals and the mixed basis set described in the text. All charges are given
in terms of the fundamental charge e = 1.602 × 10−19 C. The partial charges for
molecules 2 through 4 in the S4 zero field case are the same as those of the 1st
molecule.
initial state: S4 S4 S4 3 + 1 3 + 1 3 + 1 3 + 1
E/VÅ−1: zero 0.14 0.22 zero 0.14 0.22 0.43
1) Constrain Li+ q = 1.0e
O1 -0.863 -0.877 -0.840 -0.948 -0.962 -0.978 -0.977
H11 0.428 0.427 0.411 0.447 0.474 0.475 0.473
H12 0.435 0.444 0.432 0.437 0.443 0.450 0.459
O2 " -0.816 -0.814 -0.917 -0.905 -0.855 -0.841
H21 0.406 0.405 0.452 0.449 0.430 0.430
H22 0.432 0.430 0.439 0.451 0.430 0.424
O3 -0.867 -0.845 -0.933 -0.961 -0.996 -1.058
H31 0.441 0.432 0.421 0.446 0.461 0.500
H32 0.423 0.412 0.455 0.473 0.481 0.491
O4 -0.898 -0.934 -0.443 -0.685 -0.650 -0.721
H41 0.444 0.458 0.300 0.384 0.371 0.410
H42 0.442 0.452 0.290 0.394 0.382 0.412
RMSD 0.174 0.171 0.176 0.549 0.231 0.237 0.222
% dev. 1.42 1.39 1.42 7.06 2.08 2.10 1.89
2) Constrain Li+ q = 1.0e, all O and H charges equal
O -0.864 -0.863 -0.850 -0.931 -0.960 -0.958 -0.996
H 0.432 0.432 0.425 0.466 0.480 0.479 0.498
RMSD 0.175 0.179 0.188 0.642 0.280 0.308 0.310
% dev. 1.43 1.53 1.65 7.63 2.31 2.47 2.67
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that the constrained fits (see set of data 2 in Table 4), which do not allow differing partial
charges on atoms of the same type, do not result in a significantly worse fitting. This would
suggest that fluctuating charge models81 might not be required to describe the energetics of
the asymmetric configuration, and instead improvements should be sought from semiclassical
models which include atomic polarizability in an approximate way.82
Deviations in the asymmetric case notwitstanding, the partial charge models provide a
very good description of the ESP, with mean-square deviations at each grid point ∼ 0.2 to
0.3 kJ/mol from the DFT results. The water molecules in the Li+ clusters are found to have
effective partial charges, and hence dipole moments, much greater than would be seen in an
isolated water molecule, owing to the polarizing influence of the lithium ion. For comparison,
we obtained results of qO = −0.644e and qH = 0.322e by fitting the ESP for the isolated
water molecule with the SSB-D functional and the aug-cc-pVTZ basis set.
3.4 Li+ · 6H2O
Ci
E~0.2 V/Å
- +
E~0.4 V/ÅE=0 E>0.5 V/Å
E=0:
Nc=6
Nc=5 Nc=4 Nc=2
Figure 3: Snapshots of optimized geometries of the Li+ · 6H2O cluster. The top row shows
configurations obtained starting from the Ci configuration as electric field strength is in-
creased. The bottom row shows configurations obtained after removing the applied field,
starting from the respective configurations with reduced ion coordination numbers Nc. The
functional and basis sets are identical to those used for the Li+ · 4H2O configurations shown
in Figure 1.
We find a stable local minimum for the cluster with six water molecules in a Ci sym-
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metry with a Li+-water coordination number of 6, however this is not the global minimum
geometry. As in the smaller four water cluster, we can alter the 6-coordinated configuration
by application of an electric field. Due to the greater number of configurations available to
the larger cluster, there is more variability in the final geometries obtained, depending on
factors such as the symmetry of the initial configuration and the direction of the applied
field. Snapshots of a set of optimized configurations obtained in one series of calculations
where the electric field was applied in a direction co-linear with one of the Li+-O vectors in
the initial Ci configuration are displayed in Figure 3. Configurations with 1 or 2 detached
water molecules are produced for fields in the 0.1 to 0.2 V/Å range, and in the case of the
PBE functional, with four detached water molecules at somewhat higher fields (∼ 0.5 V/Å).
The elongated configurations of water molecules in the high fields with ordered dipoles are
similar to those seen in simulations of small water clusters in applied fields of similar size
(0.15 V/Å).83 When these configurations are reoptimized in the absence of applied field, we
find that the configuration with Nc = 4 is the global minimum. The arrangement of the
water molecules around the ion is nonetheless different from the one found above for the
Li+ · 4H2O cluster. The formation of hydrogen bonds with the two molecules not directly
coodinated to Li+ induces a reorientation of the dipoles of the water molecules that par-
take in the tetrahedral cluster. These dipoles do not orient along the Li+-O vectors. This
structure may be representative of an asymmetric coordination environment, such as that
present at liquid-vapor interfaces. It has been recently found in classical MD simulations
that lithium-water clusters adsorb at the water surface in a configuration where the clus-
ters are oriented with one of the water molecules facing the vapor phase at the edge of the
outermost interfacial layer of water.20
The minimum configurational energies as a function of the applied field and for different
initial configurations are plotted in Figure 4 and binding energies per water molecule are
reported in Table 3. As in the cluster with four water molecules, the SSB-D functional
slightly reduces the preference for less symmetric or less coordinated structures versus the
16
PBE results. However, the qualitative trends are the same. Again, we do not find evidence
for dissociation of water molecules upon applying the electrostatic field.
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Figure 4: Plots of U−UCi , the difference in potential energy between the optimized geometry
at the indicated field strength and the global minimum geometry in zero field in the Nc = 6,
Ci symmetry (−465.72962Eh in the PBE calculations with the mixed basis set described
in the text, and −469.55557Eh in the SSB-D case). The legend indicates the symmetry
and/or coordination number of the initial configuration before geometry optimization. The
electric field vector is co-linear with one of the Li+-O vectors in the initial Ci symmetric
configuration.
4 Conclusions
We have undertaken extensive computations of small clusters of lithium ions and water
(Li+ · nH2O, n = 4, 6) in the presence of strong electrostatic fields. We have carefully tested
for basis set superposition error (BSSE) and considered extrapolation to the basis set limit.
We find that ab initio CCSD calculations are quite sensitive to BSSE, even with very large
basis sets, whereas the PBE and SSB-D methods show negligible BSSE provided sufficiently
large basis sets are used. Our DFT results for Li+· H2O as well as the water dimer show that
the combination of mixed basis sets (aug-cc-pVTZ on water atoms, cc-pV5Z on Li+) with
the SSB-D functionals provide estimates for the interaction energies with an error smaller
than 2 kJ/mol with respect to the energies obtained from other high level ab initio methods.
Our computations show that the cluster of four water molecules bound to the Li+ ion
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is far more stable (−113 kJ/mol per water molecule) than a cluster with 6 water molecules
directly bound to the ion (−92 kJ/mol per water molecule). Hence our results favour tetra-
coordinated clusters as the stable structure rather than the value of Nc ∼ 5 inferred from
recent re-analysis of neutron scattering data.49 The application of an electric field biases the
molecular configurations around the ion towards lower coordination numbers. Of particular
interest is the fact that an asymmetric configuration of three water molecules bound to the
ion with the additional water molecule in a second solvation shell is actually the minimum
energy configuration in a field magnitude |E| & 0.15 V/Å. This is a large field strength but
such fields are relevant in interfacial systems, e.g. in electroporation9,11 or in electrospray
ionization.
We have further quantified vibrational zero point energy corrections and the charge distri-
bution in our lithium-water clusters. We found that the contribution of the zero point vibra-
tional energy (ZPVE) to the binding energy of Li+-water clusters is significant, 8.1 kJ/mol,
or ∼ 7% of the total, albeit smaller than the ZPVE of the water dimer, 6.1 kJ/mol per
water molecule, or ∼ 28% of the total. These results highlight the importance of consider-
ing zero point corrections in both force-field and ab initio molecular dynamics simulations.
The atomic partial charges on the water molecules were derived by fitting the electrostatic
potential surface using different charge constraint schemes, whereby the charges in the water
molecules are left either as free parameters or restrained so that atoms of the same elements
have the same charge. Interestingly, the constraining scheme does not have a major impact
on the quality of the fit to the electrostatic potential surface, which would indicate that fluc-
tuating charge models are not essential to describe the electrostatic environment generated
by the lithium-water clusters. The fitting of the ESP of Li+ · 4H2O clusters using atomic
charges is worse for asymmetric configurations, such as the 3+1 investigated here, which is
stabilized by electric fields. This result underlines a limitation of the charge fitting approach
employed here, which relies on the fitting of charges located at the atomic sites. State of
the art water models, e.g. TIP4P, have highlighted the need to shift the position of the
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oxygen charge along the water HOH bisector. This strategy may result in a better fit of
the electrostatic surface potential with point charges. We also found that the application of
the electric field shifts the value of the atomic charges with respect to the charges obtained
in the absence of the field. The shift is small for molecules bound directly to the Li+ ion,
∼ 0.03e, but can be significant, ∼ 0.1 to 0.3e, for molecules not directly bound to the ion,
such as the 3+1 configuration. Hence, accurate computations using classical models in the
presence of electric fields might benefit from the consideration of polarizable forcefields.
In the light of our results it would be worthwhile to investigate the dependence of the
Li+ solvation structure, as well as other ions, on electric fields in the context of electrospray
ionization experiments, particularily at the tip of the Taylor cone where the electric field
is most intense.6,84 Further work should serve to elucidate the relevance of our results to
better explanations of the behaviour of lithium ions in aqueous solution and aqueous solution
interfaces.
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